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With the rise of organic farming in the United States and worldwide, ecologists are being presented with new opportunities to link basic and applied ecology through research on biodiversity and ecosystem services. We present evidence from our own research and a review of the literature to assess the evidence for enhanced insect pest control as a consequence of greater biodiversity on organic farms. Despite the frequency of claims in the literature that biodiversity is beneficial, we found that few studies have measured biodiversity effects on pest control and yield on organic farms compared to conventional farms. Relevant studies in agricultural or natural settings suggest that an increase in the diversity of insect predators and parasitoids can have positive or negative effects on prey consumption rates. We therefore call for a stronger scientific basis for evaluating pest suppression effects due to enhanced natural enemy diversity. We suggest several avenues of research to assess the relationship between biodiversity and effective biological control, to obtain the information needed to manage natural enemy diversity, and to estimate the value-added component of on-farm biodiversity in terms of pest control services.
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I In n a a n nu ut ts sh he el ll l: :
• Fueled by consumer demand for healthier food and environments, the amounts of arable land, research funding, and research station test sites devoted to organic agriculture are increasing worldwide • Organic farming's public appeal is partly due to its ability to foster biodiversity; beyond biodiversity conservation for its own sake, ecologists argue that increased biodiversity enhances ecosystem services, including pest control • Although field studies show that organic farms tend to conserve more biodiversity than conventional farms, including natural enemies of insect pests, the effect of biodiversity on insect pest control on organic farms has not been tested fully • Organic agriculture provides an opportunity for tests and applications of ecological theory • We urge ecologists to clarify the links between biodiversity and ecosystem services, either by determining how to foster biodiversity for more effective pest control or by assessing the likelihood of enhanced ecosystem services through incremental or targeted increases in biodiversity and mechanical methods, while restricting the use of synthetic pesticides, herbicides, and fertilizers, as well as certain forms of genetic modification (FAO 1999) . Organic farming systems are challenged by many of the same crop protection issues as conventional farming systems. Approaches to insect pest control in organic agriculture differ widely among growers, both at regional and global scales. Here, we distinguish between three general types of organic farming: (1) substitution-based operations that replace synthetic insecticides with organic certification-approved materials (eg mineral, bacterial, or botanical insecticides); (2) holistic systems, which incorporate a wide range of soil management and cropping practices aimed at preventing insect pest outbreaks; and (3) subsistence cropping, which relies on cultural pest control methods, in part because growers have no access to synthetic inputs (Figure 1 ). Organic agriculture in the holistic-systems category differs fundamentally from conventional agriculture, not only in the range of tactics used by growers, but in the conceptual approaches that frame crop management strategies (Altieri 1986; Letourneau and van Bruggen 2006) . Prophylactic, as opposed to curative, pest control measures integrate farming practices that continuously act to disrupt pest colonization or slow population growth. This allows, for example, off-season cover or trap plantings, cropping schedule considerations for community-level resistance to pest outbreaks, and surrounding habitats and weeds as resources for promoting biodiversity of natural enemies of crop pests (Letourneau and van Bruggen 2006) .
Biodiversity and critical ecosystem services
Agricultural intensification, including conventional use of pesticides, has resulted in biodiversity losses worldwide (Stoate et al. 2001; Butler et al. 2007) . Holistic organic agriculture, with its attention to ecosystem processes and a softer ecological footprint (sensu Butler et al. 2007) , potentially restores biodiversity and associated ecosystem services. Organic practices might be expected to increase conservation biological control, defined as the maintenance of natural enemies of insect pests through reduced use of broad-spectrum pesticides and enhancement of natural enemies through habitat manipulation (Barbosa 1998) . For many decades, the ecological literature has been replete with claims about a link between biodiversity and pest control. Pimentel (1961) related increases in the diversity of parasitoids and predators with reduced pest population outbreaks. Root (1973) predicted that herbivores would be suppressed to a greater extent in mixed vegetative stands with a higher species diversity of predators and parasitoids. Gliessman (1989) warned that, as biological diversity is reduced, trophic structures tend to become simplified and vacant niches appear, leading to increased risk of catastrophic pest outbreaks. A recent position paper cautioned that critical ecosystem services such as pollination and pest control for food production both support and depend on biodiversity (MA 2003).
The same linkages have been expressed for organic farming operations with higher biodiversity than conventional farms (Kasperczyk and Knickel 2006; Letourneau and van Bruggen 2006) .
Biodiversity on organic versus conventional farms
Do organic farms support greater biodiversity than conventional farms? Biodiversity can be measured at different levels of organization (eg genetic diversity within species, species diversity within taxa and trophic levels, functional diversity in communities) and at different spatial scales (eg plots, habitats, ecosystems, landscapes, regions). Documented comparisons of organic and conventional farms have primarily measured species richness of one or several taxonomic groups by sampling in crop fields or other farm habitats. Although results vary among taxonomic groups, biodiversity is clearly enhanced on organic farms compared to conventional farms in most studies (Bengtsson et al. 2005; Hole et al. 2005; Kasperczyk and Knickel 2006) . Bengtsson et al. (2005) conducted a meta-analysis of biodiversity on organic versus conventional farms, using 42 comparative studies that provided adequate variance measures. Species richness was, on average, 30% higher on organic farms, with stronger effects likely in intensively managed landscapes. Positive effects of organic farming in the meta-analysis were measured for plants, all arthropods, carabid beetles, other predatory insects, and birds, but not for non-predatory arthropods or soil microorganisms. Hole et al. (2005) reviewed 76 studies that compared single or multiple taxonomic groups on organic and conventional farms. Summing comparisons for all taxa, they showed a positive effect of organic agriculture on species abundance and/or richness in 66 cases; 25 had neutral or mixed outcomes, and only eight showed a negative effect (Hole et al. 2005) . Whereas a majority of the studies reviewed by these authors on plants, birds, and predatory and nonpredatory arthropods showed an increase in abundance, richness, or both, on organic compared to conventional farms, the outcome for soil microorganisms was less predictable, and studies on mammals were scarce.
Papers published since Bengtsson et al. (2005) and Hole et al. (2005) continue to support a positive association between organic management and on-farm biodiversity for plants (Belfrage et al. 2005; Gabriel et al. 2006; Kleijn et al. 2006) , predatory arthropods (Melnychuk et al. 2003; Purtauf et al. 2005; Schmidt et al. 2005; Kleijn et al. 2006) , and non-predatory arthropods (Wickramasinghe et al. 2004; Kleijn et al. 2006) . Bird diversity has been more strongly associated with crop or landscape diversity than with organic practices alone (Belfrage et al. 2005; Jones et al. 2005; Kleijn et al. 2006) . Oehl et al. (2004) found a greater diversity of soil microorganisms on organic farms than on conventional farms.
Certification regulations and government mandates commonly mention biodiversity as a goal or standard for organic agriculture (FAO 1999; Kasperezyk and Knickel 2006) . Recent meta-analyses and subsequent comparisons of organic and conventional farms show that organic agriculture can promote biodiversity in general and the diversity of predatory arthropods in particular.
Pest control on organic and conventional farms
How does biodiversity relate to pest control? Do we have evidence that increased richness of predatory arthropods results in better biological pest control on organic farms than on conventional farms? If biological control of pests in organic systems with higher biodiversity can compensate for the absence of synthetic pesticide use, then we would expect to see some indication of this on organic farms. 
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Field comparisons of arthropod natural enemy diversity (predators and parasitoids), pest abundance, and levels of pest damage between organic and conventional farms supported a biodiversity-pest control link. Commercial tomato growers use a wide range of management practices on farms classified either as organic or conventional. On ten organic and nine conventional farms in the Sacramento Valley, we sampled arthropods associated with the tomato crop, pest damage on tomato plants, and yield (for details of farming practices, design, and methods, see Drinkwater et al. [1995] and Letourneau and Goldstein [2001] ). Despite a wide range of practices among organic and conventional farms, arthropod diversity was significantly greater for tomato plantings in organic than conventional fields. Pest injury levels, however, were similar in the two systems, despite a reduced level of pesticide use on organic farms.
On average, morphospecies richness of plantfeeding insects and parasitoids was significantly higher on the commercial organic than conventional tomato crop (Figure 2 ). Carnivorous insect (predators and parasitoids) morphospecies richness was 37 in organic samples, compared to 21 in conventional field samples. Farm samples, on average, contained 223 parasitoid wasps on organic tomatoes and 119 parasitoid wasps on conventional tomatoes. Predatory arthropods numbered 97 and 58, respectively, per average farm sample. In contrast, leaf and fruit damage, which varied a great deal among farms, was not significantly different between organic and conventional tomatoes (Drinkwater et al. 1995) . In particular, levels of leaf damage by common pests on tomatoes, such as thrips, flea beetles, leafminers, and leaf chewers (mostly caterpillars), were similar overall, as were levels of fruit damage by sucking insects (stinkbugs, leafhoppers) and chewers (mostly caterpillars; Figure 3 ). Similar levels of tomato damage and yield (Drinkwater et al. 1995) on organic and conventional farms in this study are consistent with the notion that enhanced biodiversity can lead to (1) more effective biological control of insect pests on organic farms, (2) possible pest dilution effects (Dyer and Stireman 2003) , and (3) compensation for the absence of synthetic pesticides.
Natural enemy diversity and biological control potential
In the tomato comparison, the measured increase in number and species richness of parasitoids and predators should provide better control of the number and variety of pests found in organic fields. However, this outcome assumes that increased natural enemy diversity leads to greater parasitism and predation rates on crop pests. An increase in species richness would lead to more effective biological control if different natural enemies complement each other, by having either an additive or synergistic effect. This species complementarity model suggests that pest mortality due to the combined action of several natural enemy species is equal to (additive) or greater than (synergistic) the summed pest mortality caused by each natural enemy species on its own (Snyder et al. 2005; Stireman et al. 2005) . Clearly, if each species of natural enemy were to prey on a different group of pests, or at different times in the season, or if natural enemies with different predatory behaviors interacted to facilitate prey capture, then niche differentiation among natural enemies would result in complementary mortality and enhanced biological control. Alternatively, the lottery model simply suggests that, as species richness increases, so does the probability of having a superior biological control agent present (Myers et al. 1989; Stireman et al. 2005) .
However, negative interactions among different species of predators and parasitoids can have a negative effect on pest regulation (Finke and Denno 2004) . As the number and species richness of natural enemies increases, so does the potential for intra-guild predation or behavioral interference, releasing pest populations from predation or parasitism pressure and possibly leading to outbreak dynamics (Rosenheim et al. 1999; Perez-Lachaud et al. 2004 displaces a more effective species, pest mortality may again decrease with increased natural enemy diversity. These scenarios plague classical biological control efforts by forcing practitioners to decide between releasing a single (most effective) natural enemy species or else multiple species against a pest (Bellows and Hassel 1999) . Enhanced biodiversity should lead to improved pest control when positive interactions or superior outcomes are more likely than negative interactions among natural enemy species.
Comparative studies of organic and conventional systems
It is certainly true that ecosystem services depend upon some level of functional biodiversity, and that services such as biological control of insect pests can be severely disrupted under extreme conditions of intensive farming with frequent, scheduled applications of broad-spectrum pesticides (Wilby and Thomas 2002) . Organic agriculture practices clearly promote biodiversity, especially compared to intensively-managed conventional systems (Bengtsson et al. 2005) . How often does that biodiversity pay off through augmented pest control services for organic growers compared to conventional growers? Despite the tendency for ecologists to generalize the connection between biodiversity and ecosystem services, and to leap from biodiversity to pest control, this connection requires a number of steps to be supported (Figure 4 ). However, we do not yet have documentation of all of these steps: that organic farming leads to greater biodiversity, that higher levels of biodiversity include more beneficial organisms, which then cause higher mortality rates among pests, and that the ensuing increase in pest mortality results in lower or acceptable levels of pest damage for higher or equivalent yields compared to conventional farming methods. In fact, while numerous diversity comparisons on organic farms have been conducted worldwide over the past 20 years, across various cropping systems, only a few studies have examined the subsequent steps regarding pest impacts ( Figure 5 ). Although enhanced biodiversity on organic farms compared to conventional farms may reliably lead to improved natural pest control services, entomologists working on biocontrol issues recognize that desirable outcomes can depend on having the "right biodiversity" for pest control, not increased biodiversity per se (Landis et al. 2000; Gurr et al. 2004) .
Evidence from agricultural settings
How often does an increase in natural enemy diversity result in the "right biodiversity" for pest control? Is enhanced biodiversity more likely to result in positive interactions and superior outcomes or in negative interactions among natural enemy species? Using a meta-analysis of studies in a wide range of ecosystems, Cardinale et al. (2006) found that a higher diversity of predators acting together resulted in a greater reduction of live prey compared to the average across the effects of single predators. However, within the constraints of their analysis, the effect of increased diversity was not significantly greater than the effect of the single most effective predator. Thus, their general outcome supported the lottery model, suggesting that greater biodiversity increases the likelihood of having the "best" predator in the mix (Denoth et al. 2002) , and that other predators did not tend to disrupt the actions of that predator. This result is supported in some agricultural settings. For example, the presence and activity of a particular predatory species (earwigs, in this case) was more important than predator diversity per se in a vineyard study that monitored predation events using video cameras (Frank et al. 2007 ). However, synergistic effects of predators led to greater suppression of aphids in an alfalfa system (Cardinale et al. 2003) , and increased ant diversity may enhance predation of borers in coffee ecosystems (Armbrecht and Gallego 2007) . Functional diversity of predators in agricultural systems may be a key component of synergistic effects (Gove 2007) , such that the "right biodiversity" for complementary effects on prey suppression requires natural enemies that differ sufficiently in their predatory behaviors. However, a priori determinations of functional groups may underestimate functional diversity, which might be fine-grained enough to be represented by species richness, even within closely related predators (eg Resetarits and Chalcraft 2007). Additionally, managing for coarsegrained functional diversity could promote intra-guild predation. Therefore, the degree to which natural enemy diversity enhances the efficacy of pest management services will probably vary from one agricultural system to another, depending upon pest-enemy interactions in the context of field size, crop composition and pattern, surrounding vegetation, and cultural management practices (Altieri and Nicholls 1999; Figure 1 ). Future research needs for understanding multi-trophic diversity effects were highlighted in Hooper et al. (2005) , who also maintain that the right combination of functional attributes can be more important than diversity in determining ecosystem response.
F Fi ig gu ur re e 3 3. . Neither damage to tomato foliage by thrips (LT), flea beetles (LFB), leafminers (LFM), or chewing insects (LFCH), nor fruit damage by sucking insects (FSU) and chewing insects (FCH), was significantly different on organic versus conventional tomato crops (ANOVAs
Field experiments designed to test the roles of diversity and top trophic levels in ecosystem function are logistically difficult, costly, and require long-term commitments over large spatial scales. Yet, without these studies, it is difficult to apply theory to predict with any certainty whether natural pest control, as an ecosystem service, will increase substantially with biodiversity increases of the magnitude and type found in organic versus conventional farming. A proactive approach to fostering the complementary or synergistic effects of pest control in organic agriculture may require biodiversity management, based on biological knowledge of interacting species and functional food webs (Gurr et al. 2004) . Although few studies on ecological engineering approaches in organic agriculture exist, opportunities for such targeted management are likely to be greater on organic than on conventional farms, due to low pesticide usage and increased resource availability (alternate food sources and prey) for natural enemies (Zehnder et al. 2007) . Studies in different types of organic agricultural systems and comparative studies with conventional agriculture that go beyond correlation to investigate mechanisms will allow us to answer questions and test theories relevant to ecosystem services for agriculture: Do improvements in ecosystem function level off with increasing biodiversity? Is herbivore regulation and plant protection through trophic cascades hampered in complex systems with high biodiversity? What are the relevant temporal and spatial scales to assess biodiversity enhancement and its effects on pest control?
Landscape versus management effects on biodiversity
A parallel, and inherently connected, body of literature shows that landscape diversity is positively associated with on-farm biodiversity. Recent reviews suggest that non-crop habitats can serve as sources and stabilizers of natural enemies in crop fields (Bianchi et al. 2006) , and that surrounding landscapes may be as or more important than within-field management practices for determining pest suppression potential in agricultural systems . Bianchi et al. (2006) point out research gaps, in the landscape context, between measuring diversity and predicting pest control services. Like comparisons of organic and conventional farm fields, comparisons of biodiversity and farm services in different landscapes often defy a mechanistic understanding, because many correlated factors that are difficult to test separately may be operating. For example, farms in complex landscapes are typically characterized by smaller field size than in simpler landscapes, and field size can also covary with management practices (Figure 1) . However, Marino et al. (2006) began to tease apart landscape effects by investigating the quality of particular classes of noncrop vegetation in relation to alternative host availability for natural enemies of common agricultural pests.
The intersection of these two lines of inquiry raises the question: which factor has more influence on in-field natural enemy diversity and pest control -management or landscape? Few studies effectively weigh the contributions of management and landscape to in-field diversity and pest control by including both organic and conventional farms and a range of landscape conditions. Schmidt et al. (2005) showed, in such an integrative design, that landscape factors were stronger predictors of spider diversity than were crop management practices. However, the majority of studies designed to address the role of management in influencing biodiversity or some measure of pest control have used paired study fields. selected to isolate the effects of management and landscapes (among other factors) as much as possible. In the same way, the majority of studies designed to address the question of landscape influence have attempted to isolate extra-farm differences rather than on-farm differences. Large-scale studies with replicated pairs of organic and conventional fields across a range of landscape contexts are likely to be limited by the availability of conventional farms at the complex end of the landscape continuum and, to a lesser degree, by the availability of organic farms at the simple end of the continuum. Nonetheless, determining their relative contributions will be important for success in both pest control and biodiversity conservation goals.
Managing biodiversity for pest control services on organic farms
At least three types of ecological research programs will allow us to evaluate the potential for biodiversity on organic farms to improve pest control in those agroecosystems: (1) on-farm comparisons, (2) mesocosm experiments, and (3) performance risk assessments. Together, these research approaches should advance both ecological theory and practical management recommendations for growers.
First, on-farm systems comparisons can test the general hypothesis that pest control increases with increased biodiversity. These field tests require mechanistic components to trace aspects of biodiversity through pest impact to measures of marketable yield ( Figure 5 ). Although limited to measuring correlations among a range of variables, tests for association between the biodiversity of natural enemies and pest control levels are not trivial, because they represent outcomes derived from real farming operations. This first step will be more informative if multivariate analyses and path analyses are used to assess what proportion of pest control advantage is explained by natural enemy diversity or particular components of the natural enemy assemblages. Correlation analyses can identify what conditions and systems are associated with increased biodiversity of natural enemies, whether pests in those systems do or do not show increased biological control, and what aspects of the community (eg non-crop vegetation diversity, predatory insect composition, cropping patterns) best explain differences in pest abundances, attack rate by natural enemies, and crop-damage levels.
The next step in this approach includes efforts to measure predation and parasitism rates of pests (by monitoring natural occurrences or by using sentinel pest experiments), assess which enemies are causing pest mortality, and create quantitative food webs (eg Tylianakis et al. 2007 ). These more detailed data can be used to determine the differences in how pests and natural enemies interact in organic versus conventional agriculture. Whereas biodiversity conservation has intrinsic value, actual measures of productivity gains or pesticide savings through biodiversity conservation would provide a powerful incentive for growers to adopt new practices and consider alternative land-use priorities.
Second, manipulative experiments that examine species interactions in multi-species mixes of natural enemies and model potential prey suppression outcomes will clarify the components of high-and low-quality biodiversity for pest control in different cropping systems (Casula et al. 2006) . Manipulative experiments can provide some of the knowledge of limiting resources, species interactions, and insect movement that is required for community engineering (Snyder et al. 2005) or targeted species enhancement. Encouraging particular mixes of natural enemies in a diverse assemblage will minimize negative interactions that disrupt pest control. Factorial experiments with field cages, for instance, have been used to examine numerical and behavioral predatory insect interactions and their roles in pest suppression within the context of trophic cascades theory and biodiversity-pest control outcomes (Costamagna et al. 2007) . A synthetic treatment of previous research can supplement or guide the development of new experiments. For example, the biological control literature, though often limited to one pest-one enemy interactions, includes critical natural history information on alternative hosts and other resources for predators and parasitoids. The broad literature on intercropping and vegetation diversification for promoting natural biological F Fi ig gu ur re e 5 5. . Rapid decline in the number of publications, reviewed by Hole et al. (2005) and included in Appendix 1 of Bengtsson et al. (2005) , comparing biodiversity and natural enemy diversity on organic and conventional farms for each of the following steps linking biodiversity with insect pest impact: biodiversity, diversity of natural enemies of insect pests, pest mortality through biological control, pest levels, damage levels to crop, and crop yield. Number of publications control of crop pests should be mined for examples of successful natural enemy combinations (Landis et al. 2000; Zehnder et al. 2007) . To evaluate the effects of biodiversity on pest control services on a case-by-case basis, the onfarm studies described above could be coupled with mesocosm experiments to test for complementary or agonistic interactions among species represented on organic and conventional farms. A third approach is to present growers with some level of performance risk assessment that would estimate ecosystem service returns for investments in biodiversity conservation (sensu Koellner and Schmitz 2006 ). This approach is fundamentally different from predicting how the level of pest control will change, on average, with the level of biodiversity. It emphasizes variability measures to estimate the risk of obtaining lower than expected returns on investment in biodiversity. The wider literature may contain enough mean effects and variability measures from studies on pest control and biodiversity, pest control and damage, and damage and yield to generate a probability function for risk-return characteristics of different management options. To more accurately determine portfolio values, Koellner and Schmitz (2006) call for experimental designs that quantify a function and its variance rather than measuring effects (regression rather than ANOVA), and that span the range of species combinations resulting from biological diversification efforts. Such a diversity portfolio risk assessment could replace the blanket prescription that biodiversity results in better pest control, and aid in management decisions regarding on-farm investments in biodiversity conservation.
As organic farming increases in prominence and research efforts to support sustainable agriculture expand, critical scientific analyses of the relationship between biodiversity and pest control services of these agroecosystems are needed. Studies at different scales, from laboratory to landscape, will be helpful in directing biodiversity conservation efforts, determining the path to on-farm valueadded biodiversity, and gaining ecosystem services for farmers from both natural and managed ecosystems.
